EXERCISE TESTS are becoming an integral part of the diagnostic evaluation of children and young adults with cardiac disorders. '-6 Preliminary studies have indicated that selected variables such as cardiovascular and ventilatory responses, working capacity and the ECG contribute greatly to the success of the exercise procedure in revealing significant abnormalities that may influence the clinical management of young patients." 4 12 Several exercise protocols using the bicycle ergometer have been reported.'3-' However, exercise data for normal children using these protocols are often incomplete and difficult to interpret and apply to young subjects undergoing clinical evaluation.
We have extensively used a fixed, continuous, progressive bicycle exercise protocol and recorded multiple variables while testing. Our experience has shown that this approach is feasible in very young children as well as adults. In this study we report values for total work, rates of work, heart rate, blood pressure and changes in the ECG at peak voluntary effort during upright bicycle exercise in a population of normal children and young adults. The normal data from this study will provide a reference for objective clinical evaluation and longitudinal follow-up of subjects with or without cardiovascular abnormalities and may serve as a guide for careful monitoring during an exercise procedure.
Materials and Methods

Subjects
One hundred forty-nine healthy subjects (90 males and 59 females), ages 5-33 years (average 14.3 years), underwent one or more bicycle exercise procedures in the Clinical Cardiovascular Laboratory. Twelve subjects (7.5%) were between 22-33 years at the time of the exercise test. The study population included volunteers, participants from lipid sampling studies"' and referrals to the cardiac clinic for evaluation of nonspecific chest pain or cardiac murmurs. Racially, the population was 95% white and 5% black.
All subjects met the following criteria for entrance into the study: 1) Normal physical examination, including normal resting blood pressure as determined by reported values17-20 for subjects 18 years or younger and a blood pressure < 140/90 mm Hg for subjects over 18 years during the 3-month period before the exercise test.
2) Normal resting ECG, including the absence of documented atrial or ventricular arrhythmia before the exercise test.
3) Normal plasma cholesterol and triglycerides after 12 hours of fasting.
The blood lipid studies were drawn and determined in the Lipid Research Center. The blood lipid levels in 103 of 149 subjects have been reported elsewhere. '6 Thirteen subjects (one girl with body surface area (BSA) < 1 M2; three girls and one boy, BSA 1-1.19 mi2; and five males and three females, BSA > 1.2 m2) were actively participating in athletics. The physical activities of the remaining group did not exceed the levels appropriate for common recreational events, school or employment. Consequently, the physical WORKING CAPACITY, ECG AND BP IN NORMALS/James et al.
training level of this study population was considered to be a reasonable sampling distribution of subjects within the pediatric and young adult age groups.
Exercise Procedure
Each subject underwent a continuous, progressive bicycle exercise test after obtaining informed consent from the parent, guardian or subject. The procedure was usually conducted in the morning with restricted food intake for at least 2 hours before the study. The bicycle protocol in this study is outlined in The ECG was analyzed at peak exercise for 1) STsegment depression . 1 mm for . 60 msec below a baseline that connects the PR or PQ junction of three to five consecutive P-QRS-T complexes in any lead;"6 2) slope of ST-segment (mV/sec) and J-point depression; and 3) distribution of ST-segment changes among the electrocardiographic leads. The ECG was also reviewed for cardiac arrhythmia and T-wave changes before, during and after exercise.
Statistical Analyses
Group means (± SD) for body size, age, work, rate of work and blood pressure stratified by height were calculated. The relationships of units of work (total work, mean power output and maximal power output) to age and body size (height, weight and body surface area), and blood pressure (supine, sitting and maximal) to age and body size were analyzed.24 The relationships of maximal systolic pressure to resting (supine and sitting) systolic pressures and maximal power output were also analyzed. The frequencies of segmental ST depression > 1 mm between subgroups of the total population were analyzed using chi-square analysis.25 904 CIRCULATION WORKING CAPACITY, ECG AND BP IN NORMALS/James et al. In each subgroup work and power output increased with body size and age. (tables 2, 3 and 4). However, total work, mean and maximal power outputs were more affected by body size than age in the children (BSA < 1 m2) and large males (BSA 2 1.2 m2) (table  5) . For the females with BSA . 1.2 m2, the correlation of the units of work to height was stronger than to weight, body surface area or age. In the boys and girls with BSA 1-1.19 m2 the relationships of total work, mean and maximal power outputs to body size and age were negligible (table 5). In this same subgroup, the range for body size was narrow compared with the other subgroups.
The coefficients of variation in the height classes of the total population were 12-57% for total work, 6-28% for maximal power output and 6-20% for mean power output. The means for the units of work in these height classes that accomplished different amounts of work and reached different levels of power output were associated with mean maximal heart rates of 187-199 beats/min. The levels of maximal heart rates in the total population were . 200 beats/min in 63.7%, [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] [191] [192] [193] [194] [195] [196] [197] [198] [199] beats/min in 26.2%, 160-179 beats/min in 9.4% and less than 160 beats/min in 0.7%. The mean resting heart rates varied with height, but mean supine heart rate tended to decrease with height.
Blood Pressure
In all subjects systolic pressure increased from rest to peak effort with a widening of pulse pressure. For each of the height classes, mean systolic pressure increased up to 5.3% above the supine value in the sitting position and 25-64% above the supine value at peak exercise (tables 2-4). Mean diastolic pressure increased up to 14% above the supine value in the sitting position and 1.4-24% above the supine value at peak exercise.
Supine and sitting blood pressures and maximal systolic pressures were related to body size and age in children with BSA < 1 m2 ( Twelve of 18 subjects (67%) with ST depression 2 1 mm had it in at least V5 (table 7) . Ten (56%) of the 18 subjects had ST depression > 1 mm in lead V6 only. In these 10 subjects, the averages for J-point displacement, ST depression and slope of the ST segment in six males were -1.5 mm, -1.2 mm and +2.9 mV/sec and in four females -1.6 mm, -1.1 mm and +2.4 mm, respectively. Eight (44%) of 18 subjects had ST depression . 1 mm in the left precordial leads and in at least one or more of the inferior electrocardiographic leads (2, 3, aVF and Frank lead Y); six (33%) had the finding in the inferior leads only.
Fifteen subjects had ST depression that was < 1 mm (average -0.5 mm) below the baseline in the left precordial leads (V5, V. and Frank lead X). In these subjects, the average ST depression was -0.5 mm in seven females and -0.4 mm in eight males. The average isolated J-point depression without ST depression below the baseline was -1.2 mm in 67 subjects, of which -1.1 mm occurred in 31 males and -1. average heart rate 20 minutes after exercise for each of the four subgroups was 87-103 beats/min. The systolic pressure gradually returned to the preexercise level in all subgroups within 10 minutes after peak effort. In a few subjects, the immediate postexercise systolic pressure exceeded the maximal systolic pressure level by 5-20 mm Hg and then returned gradually to the preexercise level. The diastolic pressures returned promptly to the preexercise level after cessation of the exercise test.
ST-segment depression . 1 mm in the 18 subjects rapidly regressed to the preexercise level after the cessation of strenuous exercise and was not associated with symptoms. In 20% of these subjects, complete recovery of the J point and ST segments to the preexercise level did not occur until approximately 10 minutes after exercise. Rhythm or conduction disturbances during exercise testing were rare in this population, which did not have previous documentation of cardiac arrhythmia.
Discussion
This study provides clinical data on total work, work rate, blood pressure, heart rate and associated electrocardiographic responses in normal subjects who perform an exhaustive amount of exercise in a continuous, progressive bicycle protocol. The three exercise programs in this protocol are appropriate for clinical testing of growing subjects who vary in body size and physical capability.
The longest exercise time in this study was 22.7 minutes, in a male who was 1.78 meters tall. The shortest exercise time was 2.5 minutes, in a boy who was 1.08 m tall. These exercise times correspond to a maximal range of 1600 kg-m/min for maximal power output and 3.3 1/min for estimated peak VO2.22 None of the subjects complained of boredom because of a long exercise time or lack of physical challenge during the exercise test. The distribution of the total exercise times in our population using the bicycle protocol permits several tests each day, which is a practical consideration in the clinical laboratory. The work load (in kg-m/min) that produced a heart durance in normal children. In this report30 the exerrate of 170 beats/min was determined and reported as cise data were stratified by age and sex without major 908 attention to the effect of body size on exercise endurance. Our data reflect the influence of sex and growth on the ability to perform in the protocol. There were no significant differences in physical work between the boys and girls with BSA < 1 m' and those with BSA 1-1.19 M2n. As a result, the boys and girls within these subgroups were combined because of sample size. In those subjects with BSA > 1.2 m2, the mean values for total work, mean and maximal power outputs in the females were significantly lower than in the males (p < 0.01). Therefore, these data were separated by sex. Since body size affected the units of work more than age, we chose to stratify our data by height. Height accounted for up to 67% of the variation for total work, up to 58% for mean and up to 38% for maximal power output in three subgroups: children with BSA < 1 m2 and males and females with BSA > 1.2 M2. In normal subjects this index of body size (height) reflects the growth process, demonstrated by a positive relationship to increasing leg length,3' leg muscle mass31 and cardiac volume.32 These factors are related to an increasing maximal oxygen transport, oxygen utilization and working capacity in children.
When interpreting the units of work from our bicycle protocol, it is important to know which exercise program was used for testing. The absolute values for total work and rate of work at peak performance differ according to the exercise program. These values can be used to assess current work capacity and to determine the changes during growth and after interventions, i.e., physical training and medical and surgical treatment of subjects with cardiovascular disease.
During controlled effort, a subject is usually at or near the mean VO, demand22 for a given work load after working at the level for 1.5 minutes or more (unpublished data). This criterion of 1.5 minutes is used in this study for determining the highest work rate (maximal power output) for subjects during a continuous protocol. It is reasonable, therefore, that maximal power output can be used to estimate peak aerobic power (maximal oxygen uptake) when the direct measurement of oxygen uptake is unavailable. For example, the highest maximal power output in the females is 1400 kg-m/min (table 4), which corresponds to an estimated peak aerobic power (maximal oxygen uptake) of 3.13 1/min.22
Blood Pressure Blood pressure measurements were possible in all subjects with the programmed electrosphygmomanometer (tables 2, 3 and 4). With the air compression cuff and microphone in proper position, the Korotkoff sounds were easily audible and distinguishable from artifact, even in the small child.
In this study, the technique reveals a maximal systolic pressure range of 150 mm Hg, with the upper and lower 2.5% of the total population having maximal systolic pressures of 234-254 mm Hg and 104-108 mm Hg, respectively. Maximal systolic pressure is related to maximal power output and absolute levels of resting systolic pressure. It is reasonable that this rise in systolic pressure during peak effort is the result of interplay between stroke volume, systemic vascular resistance and duration of left ventricular ejection.
The relationships of blood pressure to body size and age are best observed in children (BSA < l m2) and males (BSA . 1.2 m2), with the systolic pressure to body size stronger than to age in the latter group. This explanation may, in part, apply to some of the findings in our study. However, the ST depression and junctional depression occurred in leads V,, V8, lead X and/or the inferior leads and not in the precordial leads along or close to the left sternal border. Moreover, our data suggest that sex and size influence the frequency of exercise-induced ST depression of 1 mm or more.
We cannot conclude from our data that the ST depression . 1 mm recorded in the 18 subjects during maximal physical exertion indicates an increased release of potassium from the myocardial cell,40 because oxygen demand exceeded oxygen supply or the presence of covert ischemic heart disease.
An ST-segment change during exercise does not confirm the presence or absence of cardiac disease. It appears that ST depression of 1 mm during exercise in a child with a normal physical examination including blood pressure and blood lipids, has a low probability of reflecting ischemia due to cardiovascular disease and is of minor clinical importance. On the other hand, ST depression of 1 mm or more during exercise in a child with signs 6f cardiovascular disease or elevated blood lipids, or the occurrence of ST depression > 2 mm during exercise without an obviously abnormal physical examination, has a high probability of reflecting ischemia due to the presence and severity of cardiovascular disease. Recording a single variable such as exercise capacity is insufficient for a comprehensive evaluation using exercise tests. Some children with cardiovascular disease may have normal tolerance for exercise but develop abnormal blood pressures and ECGs during active exercise. A decreased tolerance for exercise or an exaggerated heart rate, blood pressure and electrocardiographic response with low exercise tolerance in a young subject without overt cardiac disease should stimulate further investigation to detect pulmonary or vascular abnormalities and to assess the level of physical fitness. The yield of relevant information from exercise testing will increase if the adaptive responses to exercise are monitored and compared with normal values. Clinical criteria for normal systolic pressure responses and estimates of working capacity from bicycle exercise testing in growing subjects should be based on normal data derived from body size rather than from age.
Reproducibility of Exercise Testing
The average differences of the follow-up test from the initial test was + 100 kg-m for total work, + 6 mm HIg for systolic and + 8 mm Hg for diastolic pressures, and -4 beats/min for heart rate with similar electrocardiographic changes. These differences were not statistically significant. All subjects repeated the signs associated with exhaustive exercise during the initial study.
Supervising Maximal Exercise Tests
It appears that controlled exercise tests can be performed in the pediatric age group without major difficulties." 12, 14, 21, 22, 27, 29, 30, 32 Our laboratory has not experienced any medical emergencies associated with exercise testing in children with a variety of problems of varying severity. However, there is a need for a proper assessment of the risk of exercise testing in the pediatric age population. All of the exercise tests in this study were conducted by a physician. This approach was especially useful in properly timing and coordinating the recordings of multiple variables while obtaining peak performance from each subject during the exercise test. When exercise tests are conducted only to assess exercise capacity or to record the ECG, these responsibilities may be delegated to skilled personnel with a physician immediately available in case of emergency. 29, 30 
